Chick collapsin-1/human semaphorin III/mouse semaphorin D is believed to guide the extension of specific axons by a repellent mechanism. Here we examine its role in the guidance of axons of the ganglion of Remak (Remak) in the developing chick intestine. Early in embryogenesis Remak axons extend parallel to, but do not enter, the intestine when collapsin-1 is expressed in the adjacent rectal wall. Remak axons later penetrate the peripheral portions of the rectal wall when collapsin-1 expression retreats from the outer muscle layer to the more internal submucosal and mucosal layers of the rectum. Extension of Remak neurites is repelled in vitro by rectum explants and also by 293T cells expressing collapsin-1. The rectal chemorepellent activity is blocked by anti-collapsin-1 antibodies. Our results suggest that collapsin-1 may help prevent Remak axons from projecting into the intestinal wall at early developmental times and later restricts Remak axon trajectories to the outer part of the intestinal muscle layer.
INTRODUCTION
The enteric nervous system (ENS) is the largest and most complicated subdivision of the peripheral nervous system (Furness and Costa, 1987; Gershon et al., 1994) . It contains more neurons than the spinal cord, and unlike other areas of the peripheral nervous system, it is capable of functioning without central innervation (Gershon et al., 1994) . ENS neurons are phenotypically highly diverse, exhibiting a broad range of morphologies, electrophysiological properties, and neurotransmitters (Furness and Costa, 1987; Gershon et al., 1994) .
ENS neurons are distributed along the entire length of the gastrointestinal tract in two ganglionated plexuses, the myenteric (Auerbach's) and the submucosal (Meissner's) plexuses (Nilsson, 1983; Furness and Costa, 1987; Gershon et al., 1994) . Avians have an additional third ganglionated structure, the ganglionated nerve of Remak (referred to throughout this paper as the Remak), which runs parallel to the intestine within the mesentery and the mesorectum from the duodeno-jejunal junction to the cloaca (Teillet, 1978) . Remak neurons are extrinsic to the gut and strictly speaking are not part of the ENS. However, in this study we have considered the Remak as an additional ganglionated component of the avian ENS because of its clear anatomical relationship to the rest of the avian ENS.
A number of studies have shown that the neural crest gives rise to the progenitor cells of the ENS. Lipophilic dye tracing (Serbedzika et al., 1991) , retroviral lineage tracing (Pomeranz et al., 1991) , and chick-quail chimeric studies Teillet, 1973, 1974; Burns and Le Douarin, 1998) have clearly established that vagal and lumbosacral neural crest are the sources of ENS progenitors in the intestine from the stomach to the rectum. These studies have also shown that the Remak is derived from lumbosacral neural crest. Other studies have identified several factors that are essential for the commitment of neural crest cells to the ENS lineage and to subtypes of ENS cells (reviewed in Gershon, 1997) . While these studies have focused on the origin and environmental influences that govern cell fate within the ENS progenitors, few studies have examined axogenesis within the ENS or investigated what factors determine the pattern of axon projections within the developing intestine.
Chick collapsin-1/mouse semaphorin-D is a member of the semaphorin gene family that in vertebrates contains at least 15 different members (Kolodkin et al., 1993; Luo et al., 1995; Pü schel et al., 1995) . Collapsin-1 is a secreted glycoprotein that has a signal peptide at the amino terminus followed by the semaphorin family domain, a single Ig-like domain, and a highly basic carboxy tail (Luo et al., 1993) . Collapsin-1 has been shown to be a repellent axon guidance cue involved in patterning sensory projections in the peripheral nervous system (Behar et al., 1996; Taniguchi et al., 1997) and possibly in the central nervous system (Messersmith et al., 1995; Pü schel et al., 1996; Shepherd et al., 1997) . In addition, knockout studies in mice have suggested that collapsin-1 might play a role in heart development and bone morphogenesis, though precisely how it functions in these processes remains unclear (Behar et al., 1996) . Neuropilin-1 was identified recently as a necessary component of the collapsin-1 receptor (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Kitsukawa et al., 1997) .
We have examined whether collapsin-1 may help determine the pattern of Remak axon growth in the developing chick intestine. In this paper, we show that collapsin-1 mRNA is expressed in regions of the developing chick rectum in which Remak axons fail to extend and also show that Remak axons are repelled by collapsin-1 in vitro. Rectal explants are found to secrete a chemorepellent for Remak axons and collapsin-1-transfected cells have a similar chemorepellent activity. Finally we demonstrate that a polyclonal antibody raised against collapsin-1 blocks the in vitro rectal chemorepellent activity. Together these results suggest that collapsin-1 plays a role in guiding the Remak axon projections in the developing chick intestine.
MATERIALS AND METHODS
Whole-mount DiI labeling of the Remak. The distal segment of the embryonic chick intestine from the cecal region to the cloaca was dissected from E6 and E8 chick embryos and fixed by immersion for 24 -72 h in 4% paraformaldehyde in PBS at 4°C. Small crystals of the lipophilic dye DiI (Molecular Probes) were placed into the Remak of the fixed intestines and incubated at 36°C in 2% paraformaldehyde in PBS for 7-10 days. After photographing, the whole-mount intestine preparations were embedded in 4% agarose and sectioned (100-m sections) using an Oxford vibrotome.
RNA in situ hybridization and immunocytochemistry.
Digoxigenin-labeled RNA antisense probes complimentary to the entire coding sequence of chick collapsin-1 and neuropilin-1 were generated using a procedure derived from that of Schaeren-Weimers and Griffen-Moser (1993) as previously described in Luo et al. (1995) . Chick tissue was prepared and processed as described in Shepherd et al. (1996) . After developing the alkaline phosphatase color reaction product, in situ hybridized sections were double labeled with anti-neurofilament antibody. Sections were washed in PBS, blocked in 10% newborn calf serum diluted in PBS, and incubated overnight at 4°C in 1:1000 dilution of antineurofilament antibody 4H6 ascities. The 4H6 antibody was a generous gift from Dr. Willie Halfter. The following day sections were washed and reacted for 2 h at room temperature with 1:1000 dilution of Cy 3 -conjugated anti-mouse IgG secondary antibody (Jackson), washed, and coverslipped.
Alkaline phosphatase-tagged-collapsin-1 fusion protein binding to tissue sections. Recombinant alkaline phosphatase-taggedcollapsin-1 fusion protein (AP-Coll-1) was generated as previously described in Kobayashi et al. (1997) . Fresh frozen tissue sections from chick embryos were prepared and incubated with AP-Coll-1 according to the method previously described in Kobayashi et al. (1997) and Feiner et al. (1997) .
Remak axon collapse assay and AP-Coll-1 binding. Remaks were dissected free from the distal bowel of E6 and E8 chick embryos. The Remak lies on the dorsal aspect of the intestine and can be easily removed from the intestine and mesentery using tungsten needles. After subdividing each Remak into small pieces approximately 200 m in length, explants were placed onto laminin-coated coverslips and cultured overnight. The laminin coating of the coverslips and culture conditions were as described in Fan et al. (1993) with the following modification: the base medium was additionally supplemented with 40 ng/ml GDNF and 40 ng/ml NT-3 (Alomone labs). Chick E7 dorsal root ganglia (DRG) explants and chick E6 nasal retina explants were prepared and cultured as described in Fan et al. (1993) .
AP-Coll-1 binding to Remak and retina explants followed the method previously described in Kobayashi et al. (1997) . Ten microliters of 293T cell culture supernatant containing AP-Coll-1 at a final concentration of 600 pM was added to 0.5-ml cultures and incubated for 1 h at 37°C. The cultures were fixed for 30 min at room temperature using 4% paraformaldehyde, 10% sucrose in PBS and washed several times with PBS. Endogenous alkaline phosphatase activity was heat inactivated by incubating the cultures at 65°C for 2 h. Subsequently the cultures were incubated with BCIP and NBT to develop the alkaline phosphatase color reaction product.
The procedure for the collapse assay was the same as that Chemorepulsion is apparent in all cocultures except F. Scale bar is 300 m.
previously described in Raper and Kapfhammer (1990) . Cultures were treated with 0.09 -9 collapsing units (CU) of recombinant collapsin-1 protein. A CU is defined as the amount of recombinant collapsin-1 protein in 0.5 ml of culture medium that induces 50% of a DRG explant's growth cones to collapse (Luo et al., 1993) . Collagen/matrigel cocultures. Cocultures were prepared using the method previously described in Shepherd et al. (1997) with the following modification: a collagen/matrigel-containing medium was used instead of 1% agarose-containing medium. Briefly, small pieces of E6 Remak, E8 Remak, or E6 retina were explanted onto laminin-coated filming dishes (MatTek 35mm) and cultured at 37°C in 5% CO 2 in our standard medium (see tissue culture above). After an hour the culture medium was removed and replaced with 50 l of collagen/matrigel medium. The collagen/matrigel medium consisted of a 2:1:7:10 ratio of 5ϫ F12 medium (Sigma):1 M Hepes (Gibco): 3 mg/ml collagen (Boehringer-Mannheim):Matrigel (Collaborative Research). This medium was further supplemented with 40 ng/ml NGF (Gibco), 40 ng/ml NT-3 (Alomone), and 40 ng/ml GDNF (Alomone). After this layer of medium had solidified, small pieces of E6 gut, E8 gut, E6 dorsal cord, or small aggregates of collapsin-1-transfected 293T cells were positioned 400 -600 m from the center of the Remak or retinal explants. A second layer of 100 l of collagen/matrigel medium was then overlaid. In collapsin-1 antibody block experiments protein A-purified antibodies from preimmune and immune rabbit sera were added to the collagen/matrigel medium at a concentration of 100 g/ml. Cultures were incubated overnight at 37°C in 5% CO 2 and then scored as either displaying chemorepulsion or not according to the criteria previously described by Shepherd et al. (1997) .
All photographs were taken using a Digital Spot camera attached to a Zeiss Axiovert 35. The color balance, contrast, and sharpness of images were enhanced using Phase 3 image analysis software and figures were assembled using Phase 3 and Photoshop software.
RESULTS

Development of Remak axon projections into the rectum.
We investigated the early pattern of axogenesis in the chick Remak. The temporal and spatial development of
FIG. 3.
Comparison of collapsin-1 and neuropilin-1 mRNA expression patterns, neurofilament immunoreactivity, and AP-Coll-1 binding pattern in E6 and E8 chick rectum. The expression patterns of collapsin-1 (A, E) and neuropilin-1 (C, G) mRNAs in fixed and frozen cross sections of E6 (A, C) and E8 (E, G) chick rectum visualized with digoxigenin-labeled RNA probes. The neurofilament distribution in the collapsin-1 hybridized sections (A, E) at E6 (B) and E8 (F) is visualized with 4H6 antibody. AP-Coll-1 binding on fresh frozen cross sections of E6 (D) and E8 (H) chick rectum. The Remak ganglionated nerve (R) and mucosal layer (M) are indicated in A and E. The submucosal layer (SM) and muscle layer (Mus) are also indicated in E. Scale bar is 300 m.
projections that extend from the ganglionated nerve into the rectum between E6 and E8 was determined by antrogradely labeling the Remak with DiI.
Remak axons project longitudinally along the ganglionated nerve at E6 (Fig. 1A) . No axons extend into the rectum at this age (Figs. 1A and 1B) . By E8, Remak axons project longitudinally along the ganglionated nerve, and highly fasiculated axons project from the Remak into the rectum wall (Fig. 1D) . The highly fasiculated axons are restricted to the outer part of the rectum muscle layer in the myenetric plexus and do not project into the submucosal or mucosal layers (Figs. 1E and 1F) .
Cocultures of rectum and Remak explants. The pattern of Remak axon projections as revealed by the DiI study raises the possibility that Remak axons are somehow prevented from projecting into the rectum wall prior to E8. To determine if the rectum secretes a diffusible chemorepellent we cocultured E6 Remak and E6 rectal explants in a collagen/matrigel matrix. This type of culture has previously been used to assay for chemorepellent activities (Fitzgerald et al., 1993; Messersmith et al., 1995; Shepherd et al., 1997) . In all E6 Remak:E6 rectum cocultures (n ϭ 24) the length of Remak neurites on the side closest to the rectum explant was significantly reduced compared to the length of the neurites on the side furthest away from the rectum explant ( Fig. 2A) . This result suggests that E6 rectum secretes a chemorepellent for E6 Remak neurites. To determine if E8 rectum secretes a chemorepellent for E8 Remak neurites we cocultured explants of these two tissues in the collagen/matrigel matrix. Chemorepulsion was seen in all of these cocultures (Fig. 2D) (n ϭ 16) .
To further investigate the rectum chemorepellent activity we cocultured E6 Remak with E8 rectum and E8 Remak with E6 rectum. Chemorepulsion was observed in all E6 Remak:E8 rectum cocultures (Fig. 2B ) (n ϭ 16) and E8 Remak:E6 rectum cocultures (Fig. 2E) (n ϭ 15) .
In control experiments we tested whether E6 nasal retinal neurites were repelled by the E6 rectal explants to determine if the rectum chemorepellent repelled neurites from other neural tissue explants. In all E6 retina:E6 rectum cocultures (n ϭ 8) no chemorepulsion was observed (Fig.  2F) . In a second set of control experiments we tested whether E6 Remak neurites were repelled by E6 dorsal cord explants. Previously it has been shown that dorsal cord explants do not secrete a chemorepellent for dorsal root ganglion (DRG) neurites in in vitro cocultures (Fitzgerald et al., 1993; Messersmith et al., 1995; Shepherd et al., 1997) . In all our Remak and dorsal cord cocultures (n ϭ 7) we observed a weak chemorepulsion of E6 Remak neurites (Fig.  2C) . These results suggest that E6 dorsal cord explants do secrete a chemorepellent for Remak neurites.
Collapsin-1 and neuropilin-1 mRNA distribution in the developing chick rectum. A possible candidate for the chemorepellent activity secreted by E6 and E8 rectum is collapsin-1. To investigate whether collapsin-1 is expressed in the rectum at these developmental ages we examined the distribution of collapsin-1 mRNA in E6 and E8 chick embryos using a digoxigenin-labeled RNA probe. We also examined the mRNA distribution of neuropilin-1 in the developing E6 and E8 rectum and adjacent mesentery to determine if Remak neurons express this component of the collapsin-1 receptor.
At E6, collapsin-1 mRNA is distributed throughout the rectum wall with the exception of the mucosal lining of the gut lumen (Fig. 3A) . The presumptive submucosal layer contains a much higher amount of collapsin-1 message than the presumptive muscle layer as judged by the relative intensities of color reaction products in the layers (Fig. 3A) . No Coll-1 mRNA is detected in the Remak. Neurofilament staining of the same in situ hybridized section shows no axons in the rectal wall at this stage but numerous axons within the Remak (Fig. 3B) .
Collapsin-1 message is distributed in two prominent rings of cells by E8, one in the innermost half of the submucosal layer and the other in the innermost half of the muscle layer. Collapsin-1 message is almost completely absent in the outermost part of the muscle layer; however, several cells express high levels of collapsin-1 message throughout the submucosal layer (Fig. 3E) . Neurofilament staining of the same collapsin-1-hybridized section shows extensive axon growth in the outermost part of the muscle layer in the region where collapsin-1 message is almost completely absent (Fig. 3F) . Comparison of the pattern of neurofilament immunoreactivity in these E8 sections to the results from the DiI study suggests that at least some of the immunopositive axons in the muscle layer of the rectum wall are Remak axons.
Thus, it can be concluded that Remak axons extend in the rectal wall where collapsin-1 message is almost completely absent.
Neuropilin-1 mRNA is restricted to cells in the Remak at E6 and E8 (Figs. 3C and 3G) . Comparison of the pattern of neurofilament immunoreactivity on the same sections revealed that cells that express the neuropilin-1 message are also neurofilament immunopositive suggesting that these cells are neurons.
The distribution of collapsin-1 receptors in E6 and E8 chick intestine and binding pattern of AP-Coll-1 on Remak explant cultures. AP-Coll-1 was used to reveal the distribution of collapsin-1 receptors in fresh frozen sections of E6 and E8 rectum. At E6, AP-Coll-1 labels the Remak, but no binding is seen in the wall of the chick rectum (Fig. 3D) . By E8, AP-Coll-1 labels axons in the Remak and muscle layer of the rectum, presumably in the myenteric plexus. Weaker labeling is also seen throughout the submucosal layer (Fig. 3H) .
To determine if AP-Coll-1 also binds Remak axons in vitro, we cultured Remak explants overnight and then probed them with AP-Coll-1. E6 and E8 Remak cultures bind AP-Coll-1 based on the presence of alkaline phosphatase reaction product (Figs. 4A and 4B ). Binding is seen on both the collapsed growth cones and axons of Remak explants. A similar distribution of collapsin-1 receptor has been previously reported on the axons and growth cones of E7 DRG explants . The AP-Coll-1 binding to Remak culture axons and growth cones is specific. Control cultures of E6 retina explants do not bind AP-Coll-1 (Fig. 4C) .
Cocultures of Remak with collapsin-1-transfected cells. Remak explants were cocultured with collapsin-1-transfected 293T cells to determine if collapsin-1 acts as a chemorepellent for Remak axons. Strong chemorepulsion was seen in all E6 (n ϭ 16) and E8 (n ϭ 14) Remak cocultures (Figs. 5A and 5C). In control experiments untransfected 293T cells were cocultured with E6 or E8 Remak explants and no chemorepellent activity was observed (n ϭ 6 for E6 Remak cocultures and n ϭ 8 for E8 Remak cocultures) (Figs. 5B and 5D) .
Sensitivity of Remak explants to recombinant collapsin-1. To further quantify the sensitivity of E6 and E8 Remak explants to collapsin-1 protein we carried out a series of growth cone collapse assays. Cultures of E6 and E8 explanted ganglia were treated with a range of concentrations of recombinant collapsin-1. Remak explant growth cones at both stages are highly sensitive to treatment with recombinant collapsin-1 (Figs. 6D and 6F ). Dose-response curves for E6 and E8 Remak explants (generated from results of eight or more independent experiments where at least 200 growth cones were counted per explant) show that they are equally sensitive to collapsin-1 treatment (Fig. 7) . The dose-response data show that Remak growth cones are significantly more sensitive to collapsin-1 than E7 DRG growth cones (Fig. 7) .
Antibody block of E6 rectum chemorepellent activity in vitro. To determine if the chemorepellent for Remak axons secreted from rectum explants is collapsin-1 we attempted to block the rectum activity with anticollapsin-1 antibodies. The rabbit anti-collapsin-1 antisera we used recognize native and recombinant collapsin-1 protein on Western blots and can block collapsin-1-induced growth cone collapse in vitro (Shepherd et al., 1997) . In control experiments that were carried out in the presence of preimmune serum, chemorepulsion was seen in 66% of the cocultures (n ϭ 15) (Fig. 8A) . By contrast, chemorepulsion was seen in only 25% of the experimental cocultures (n ϭ 16) (Fig. 8B) . These results suggest that anti-collapsin-1 antibodies block the E6 rectum chemorepellent activity. While the preimmune serum decreases chemorepulsion to some extent, anti-collapsin-1 antibodies further neutralize the rectum-derived chemorepellent. These results are consistent with the hypothesis that Coll-1 is a rectal-derived repellent.
DISCUSSION
Previous studies have suggested that collapsin-1 is an inhibitory axon guidance molecule that could help determine the axonal projection patterns of olfactory neurons , dorsal root and cranial ganglia sensory neurons (Messersmith et al., 1995; Pü schel et al., 1996; Shepherd et al., 1997; Kobayashi et al., 1997) , and spinal cord and hindbrain motor neurons (Shepherd et al., 1996; Varela-Echavarria et al., 1997) . In this study, we provide evidence that collapsin-1 acts as a repellent axon guidance cue for Remak axons in the avian intestine during embryogenesis.
In chick, collapsin-1 mRNA is initially expressed throughout the presumptive submucosal and muscle layers of the rectum when Remak axons are projecting only longitudinally along the ganglionated nerve in the mesentery adjacent to the rectum wall. Cessation of collapsin-1 mRNA expression in the outer part of the rectal muscle layer coincides with entry of Remak axons into the outer muscle layer of the rectum. Close examination of the pattern of neurofilament staining of E8 double-labeled neurofilament antibody and collapsin-1 in situ sections clearly shows that axons extend from the Remak into regions of the muscle layer where there is very little collapsin-1 mRNA.
Our demonstration that both rectal explants and collapsin-1-expressing 293T cells repel Remak neurites in vitro provides indirect evidence that collapsin-1 could determine the in vivo pattern of Remak axon growth in the rectum. Remak axons express collapsin-1 receptors, as revealed by their visualization with AP-Coll-1 fusion protein both in vivo and in vitro. The binding of AP-Coll-1 by E6 and E8 Remak explants also elicits growth cone collapse, suggesting that the collapsin-1 receptors on the Remak growth cones are functional.
Interestingly, E6 and E8 Remak explants are equally sensitive to collapsin-1 in vitro. This result suggests that the entry of Remak axons into the rectal wall is not due to the Remak neurons becoming insensitive to collapsin-1 at E8, but rather that changes in collapsin-1 protein distribution in the E8 rectum could allow Remak axons to project into the intestine muscle layer. This hypothesis is consistent with the change in collapsin-1 mRNA distribution that we see in this study. However, the E8 Remak:E8 rectum coculture results are in conflict with this interpretation of events. One possible explanation is that collapsin-1 is able to freely diffuse from deep rectal layers into the medium from the cut surface of the explants. The diffusion of collapsin-1 from the submucosal layer may be much more limited in vivo due to the effect of the surrounding extracellular matrix in the intact intestine. Another possibility is that more collapsin-1 is secreted in vitro by the intestine than in vivo.
A critical result of this study is that antibodies raised against recombinant collapsin-1 protein block the chemorepellent activity of rectum explants in vitro. This finding strongly suggests that the chemorepellent activity secreted by rectal explants is collapsin-1. However, a major caveat to this conclusion is that the anti-collapsin-1 antiserum also recognizes other semaphorin family members on Western blots (Shepherd et al., 1997; Shepherd and Raper, unpublished data) . As other semaphorin family members are expressed in the avian intestine at the ages examined (Shepherd and Raper, unpublished data) , it is possible that the chemorepellent effect may be in part due to these other family members. Future studies will examine this possibility and will determine the function of these other semaphorin family members in determining axon projection patterns of Remak and other ENS neurons during embryogenesis.
The chemorepulsion of Remak axons by E6 dorsal spinal cord explants suggests that the spinal cord secretes a chemorepellent. We and others have previously found that collapsin-1-sensitive DRG axons are not repelled by dorsal cord explants in coculture (Fitzgerald et al., 1993; Messersmith et al., 1995; Shepherd et al., 1997) . Nevertheless, the ability of dorsal cord explants to repel Remak axons could be due to the secretion of a small amount of collapsin-1 by the dorsal cord. We previously showed that some collapsin-1-expressing cells are present in E6 dorsal spinal cord (Shepherd et al., 1996 (Shepherd et al., , 1997 . Although the amount of collapsin-1 secreted from dorsal cord explants is insufficient to cause the repulsion of E7 DRG neurites (Shepherd et al., 1997) , as E6 Remak neurites are more sensitive to collapsin-1 than E7 DRG neurites, a small amount of collapsin-1 secreted by the dorsal cord could be sufficient to cause the Remak neurite chemorepulsion. Alternatively, the dorsal cord Remak repellent activity that we observe could be due to a different chemorepellent to which DRG axons are insensitive.
Our results suggest that collapsin-1 does not have a role in patterning vagal neural crest-derived ENS precursor migration in the embryonic intestine. In E6 chick embryos vagal and sacral neural crest ENS precursors have been shown by two groups to be widely distributed throughout the rectum wall where collapsin-1 mRNA is expressed (Pomeranz et al., 1991; Serbedzija et al., 1991) . More recent studies by Burns and Le Douarin (1998) indicate that only vagal neural crest cells are present in the rectal wall at E6/E7 and that these crest cells are principally restricted to the submucosal layer. In contradiction to Pomeranz et al. (1991) and Serbedzija et al. (1991) , Burns and Le Douarin (1998) suggest that sacral crest cells do not migrate into the intestinal wall until E8. Prior to that the sacral neural crest cells are restricted to the ganglion of Remak. Taking all these previous findings into account along with the pattern of collapsin-1 mRNA expression, we conclude that collapsin-1 does not repel the migration of vagal neural crest-derived ENS precursors, but the possibility remains that it could repel the migration of sacral neural crestderived ENS precursors.
While our study has only focused on collapsin-1's role in determining the axon projection pattern of Remak axons in the rectum, it is possible that collapsin-1 may also have a wider role in determining the axonal projection patterns of other ENS neurons within the developing intestine. The collapsin-1 mRNA expression pattern in E8 chick rectum raises the possibility that collapsin-1 may help restrict myenteric motor neuron axons to the muscle layers of the intestine. The myenteric plexus is located at the border between the circular and longitudinal muscle layers. Axons of myenetric motor neurons project within the primary myenteric plexus and the smaller secondary and tertiary plexuses within the muscle layers of the intestine, but they do not project into the submucosal layer. Given the prominent and restricted distribution of collapsin-1 mRNA at the border between the muscle and submucosal layers in the E8 rectum, it is possible that collapsin-1 could help restrict myenteric motor neuron axon projections to the muscle layer and prevent them from projecting into the submucosal layer. We and others have shown that a wide variety of motor neurons are sensitive to collapsin-1 in vitro (Shepherd et al., 1996; Varela-Echavarria et al., 1997) . It is also possible that collapsin-1 may help restrict the axon projections of subsets of submucosal plexus neurons to the submucosal layer given the restricted pattern of collapsin-1 mRNA distribution in the E8 rectum at the outer and inner borders of the submucosal layer. Collapsin-1 may also help determine the projection patterns of sympathetic and DRG sensory axons in the embryonic intestine. Both sympathetic and DRG neurites have been shown to be sensitive to collapsin-1 in vitro ; however, their precise projection patterns have not been defined in avians. The role of collapsin-1 in patterning myenteric, submucosal, sympathetic, and DRG sensory axon projection patterns in the developing avian intestine will be investigated in future studies.
In summary, the results presented in this paper provide strong evidence for the hypothesis that collapsin-1 plays an important role in determining the projection pattern of ganglion of Remak axons in the avian rectum. Initially, collapsin-1 is likely to help prevent Remak axons from projecting into the rectum, when it is expressed throughout the muscle and submucosal layers, and later collapsin-1 is likely to restrict Remak axons to the outer part of the intestinal muscle layer when collapsin-1 is no longer expressed there.
